According to State Planning Organization (DPT) statistics, Turkey has 482,736 t of talc reserves. The most important talc deposits in Turkey occur in the Sivas, Balıkesir, Aydın, Kütahya, Karaman, Bolu, Bursa, Sakarya, and Afyonkarahisar regions (DPT 2007) . Talc deposits formed from the alteration of ultramafic rocks are found in the Sivas, Kütahya, Karaman, and Afyonkarahisar regions (Murat & Temur 1995; Yalçın & Bozkaya 2006) . The other talc deposits related to metamorphic rocks occur in Balıkesir, Aydın, and Afyonkarahisar (MTA 1980; Çoban 2004) . Nearly 2000 t of talc are produced per year in the Sivas, Balıkesir, Aydın, Kütahya, and Eskişehir regions. Since the annual talc production of the country did not meet the domestic market, the annual talc import of Turkey is higher than the domestic production. Even though there are enough talc deposits for domestic industry, the reasons for the low domestic talc production, and hence demand for talc import, can be interpreted as being insufficient investigation of the geological, mineralogical, and geochemical features. The Turkish paint industry is the main consumer of high quality and very fine-grained (<5 µm) talc. In contrast, the major problem with Turkish talc deposits is that they are mostly not suitable for the paint industry, which requires high-quality whiteness, brightness, and very low Fe content.
The Emirdağ talc deposit is located about 80 km north of Afyonkarahisar in western Anatolia and covers an area of nearly 2 km 2 ( Figure 1 ). Talc produced from the Emirdağ deposit with an annual mine production of 500 t until 2005 has been used in the domestic market as a plastic filling material, but its domestic consumption has been limited due to insufficient investigations on the geological features of talc deposits and mineralogical, geochemical, and physical features of the talc minerals. Moreover, quality problems arose for the produced talc ores. In this study, the aim is to i) investigate geological features of the talc deposits; ii) identify mineralogical, geochemical, physicochemical features of the talc mineral; and iii) determine potential uses of talc. This study is important in terms of economic production of the Emirdağ talc deposit since it is close to industrial cities such as Kütahya, Uşak, Bilecik, Eskişehir, and Ankara.
Geological setting
The Paleozoic Afyonkarahisar metamorphics constitute the basement rocks in the study area (Figure 1) . Metin et al. (1987) reported that the unit comprises a variety of schists, metasandstones, and metaconglomerates, with some lenticular marble horizons. The basement rocks are covered unconformably by Triassic Karacaltepe limestone and Büyük Karabağ marbles (Kibici et al. 2000) . 3. Analytical methods E-1 samples were collected from the actinolite zone, and E-2, E-3, and E-4 samples were also gathered from the different layers along the lateral direction of the talc level in the Emirdağ deposit in the Afyonkarahisar region. The samples were crushed in a jaw crusher and milled to less than 40 µm in size. The samples were then homogenized. Mineralogical and physicochemical analyses were performed on the representative samples.
Mineralogical and petrographical investigations
Mineralogical investigations were performed by X-ray diffraction (XRD) with a Shimadzu XRD-6000 model diffractometer with a Ni filter and CuKα radiation on random and oriented samples. The diffraction patterns were recorded between 2° and 70° (2θ) at a scanning speed of 2° (2θ)/min. Bulk mineralogy was determined on random powders. Clay mineralogy was determined by separation of the fraction of less than 2 µm with sedimentation. Measurements were carried out on samples that were air-dried, ethylene glycol-solvated, and heated to 550 °C (Brown 1972) . Mineral abundances of samples were determined by interpretation of XRD data. The procedure of this method was described by Chung (1974) . The error margin of this method is approximately 10%. Morphological and microchemical analyses were carried out using a LEO VP-1431 scanning electron microscope with an energy dispersive X-ray spectrometer (SEM-EDX). Before the SEM analysis, samples were coated with a thin film (thickness: 25 nm) of gold using a sputter coater to make the sample conductive.
Geochemical analyses
The chemical compositions of the samples were determined with an X-ray fluorescence (XRF) spectrometer (Bruker, S8 Tiger WDXRF). Prior to the chemical analysis, 1.5 g of samples and 7.5 g of Li 2 B 4 O 7 were mixed in platinum crucibles, and then these mixtures were melted in a fusion device at 1300 °C to obtain glass pellets.
The substitution in the unit cell and the position of iron in the E-3 talc sample was examined by Mössbauer spectroscopy. For this purpose, the 57 Fe Mössbauer spectrum was obtained at room temperature (300 K) with a conventional constant acceleration mode using a 10 mCi 57 Co radioactive source (diffused in Rh). A Normos-90 computer program was used to determine the Mössbauer parameters. The solid line in the spectrum represents computer-fitted curves, and dots represent the experimental points. The velocity scale (±9 mm/s) is calibrated with metallic iron foil absorber, and isomer shift (IS) is given with respect to the center (at 0 mm/s) of this spectrum.
Fourier transform-infrared (FT-IR) spectra of powdered samples were recorded using the Bruker IFS-66 series. The infrared spectrum range was 4000-400 cm -1 . Samples of 2 mg were thoroughly mixed with 200 mg of spectroscopic grade KBr in an agate mortar. The mixtures were placed in a hydraulic press and compressed to produce pellets for recording the spectra. The spectra of samples were recorded by accumulating 34 scans at 2.0 cm -1 resolution. Differential thermal and thermogravimetry analyses (DT/TGA) of the samples were carried out with a Setaram Setsys Evaluation simultaneous thermal analysis apparatus. The samples were heated in an Al 2 O 3 crucible in the temperature range of 30-1250 °C with a heating rate of 10 °C min -1 in a nitrogen atmosphere. About 25 mg of the samples was used in each run.
Physicochemical analyses
The specific surface area of the samples was measured using a nitrogen gas absorption method (BET technique, Quantachrome Instruments, NOVA 2200e). Prior to the analysis, the samples were kept in a vacuum (10 -3 Torr) at 120 °C for 8 h. Samples were run in duplicate. Details of sample preparation and applications for the source and special clays were presented previously (Doğan et al. 2006 
Results and discussion

Mineralogy and petrography
XRD analysis showed that the Emirdağ samples consist mainly of talc, chlorite, and actinolite, with minor amounts of calcite ( Figure 2 ). Studied samples were classified into 4 groups based on the results of semiquantitative analysis: i) (E-1): talc and chlorite bearing actinolite (calcite 1%, talc 10%, chlorite 19%, and actinolite 70%), ii) (E-2): actinoliterich talc (chlorite 5%, actinolite 25%, and talc 70%), iii) (E-3): chlorite bearing talc (calcite 5%, chlorite 10%, and talc 85%), and iv) (E-4): pure talc (actinolite 5% and talc 95%) ( Table 1 ). The mineralogy of Emirdağ talc was similar to the ultramafic hosted-talc occurrences of Sivas (Turkey) (Yalçın & Bozkaya, 2006) ; the Wadi Thamil, Rod Umm El-Farag (El-Sharkawy 2000), and Athshan (Schandl et al. 1999 ) areas (Egypt); and the ultramafic talc deposits of Austria (Prochaska 1989) . XRD data indicate that the 2q value and crystal plane (hkl) values of the most important 3 peaks from talc were as follows: ~9.40° (001), 18.95° (002), and 28.55° (003). Talc was distinguished from pyrophyllite and minnesotaite minerals by their d (002) -spacings. Talc exhibits d (002) -spacing at 9.30 Å, whereas the d (002) -spacings of pyrophyllite and minnesotaite are 9.16 Å and 9.53-9.60 Å, respectively (Thorez 1976) . The d (001) -spacing of talc was not changed by ethylene glycol (EG) or heat treatments at 550 °C ( Figure 3 ). According to Moore and Reynolds (1997) , the dehydroxylation is only observed in talc due to high temperature treatments.
The SEM studies revealed that actinolite and chlorite crystals accompany talc. Tabular, prismatic, acicular, and fibrous actinolite crystals are common in E-1 samples (Figures 4a and 4b ). Actinolites are slightly altered to chlorite. Chlorite occurs in the form of curved flakes with angular borders and is randomly distributed along the edge of actinolite crystals. The semiquantitative EDX analyses show the releasing of Si and Ca and enrichment of Mg, Fe, and Al during the conversion of actinolite to chlorite. The talc particles occur in fine shreds, plates, and flakes with differently sized and layered crystals. The actinolite was replaced by pseudomorphic talc crystals in the E-2 and E-4 samples Individual talc grains have a grain width diameter of 6-14 µm and an average thickness of less than 0.5 µm in all samples (Figures 4c-4f) . Thus, Emirdağ talc may be classified as microcrystalline talc due to its relatively low basal/edge surface ratio. According to the literature, platy talc can be classified as microcrystalline or macrocrystalline (Ciullo & Robinson 2003; Ferrage et al. 2003) . Microcrystalline varieties are naturally small in plate size and comprise compact, dense mineral particles. Macrocrystalline varieties contain relatively large plates with higher aspect ratio (high basal/edge surface ratio). The grinding of microcrystalline talc is easier than that of macrocrystalline talc (Ferrage et al. 2003) . The morphology (e.g., basal/edge surface ratios, degree of delamination) of talc particles as layered clay minerals plays a decisive role in its usability as a filler material, especially in plastic, coating, and paint industries (Yuan & Murray 1997; Ciullo & Robinson 2003; Ferrage et al. 2003) and also on its wettability and flotation behavior (Hiçyilmaz et al. 2004) . For example, kaolin used in paper sludge and the spherical halloysite (both kaolinite and halloysite have 1:1 types of layer structures; halloysite usually contains some interlayer water) showed the lowest viscosity, followed by platy kaolinite and tabular halloysite (Yuan & Murray 1997) . This indicates that the morphology of filler particles directly affects the rheological behavior of their suspension and, in turn, their usability. The morphology of talc particles is dependent on different factors, such as geological formation conditions of talc deposits (Ciullo & Robinson 2003; Nkoumbou et al. 2008b) , particle size, grinding method, and conditions (Sanchez-Soto et al. 1997; Ferrage et al. 2003; Hicyilmaz et al. 2004; Ulusoy 2008) .
Geochemical properties
The results of chemical analyses of the Emirdağ samples are presented in (Prochaska 1989) . The Emirdağ talc deposit is related to ultramafic rocks due to its high Ni (2100-2600 ppm), Cr (2000-3500 ppm), and Co (82.50-84.00 ppm) contents. In terms of Ni, Cr, and Co, the Emirdağ talc deposits are similar to the ultramaficrelated talc deposits in the Sivas (Yalçın & Bozkaya 2006) and Karaman (Murat & Temur 1995) regions, but differ from Gümeli-İvrindi talcs (Balıkesir, Turkey; Çoban 2004) .
In terms of the cosmetics and pharmaceutical industries, the concentrations of toxic elements such as Pb, As, and Hg in Emirdağ talc samples are within acceptable levels (TS 2973). On the other hand, some trace elements, such as Co, Cu, Zn, and Zr may be beneficial, particularly for the use of talc in medical applications such as skin care and mud baths (Olabanji et al. 2005) . Taking into account the mineralogical, petrographical, and geochemical data (Table 1, Figure 4, and Table 2 ), the following results were obtained: i) Fe 2 O 3 and Al 2 O 3 ratios in talcs are directly proportional to their chlorite contents, ii) the nonexistence of secondary iron mineral in Emirdağ samples and the similarity between the Fe 2 O 3 contents in EDX and chemical analyses indicate structural iron in Emirdağ talcs, and iii) the CaO content is related to the existence of actinolite mineral in E-1, E-2, and E-4 samples, whereas the CaO content in E-3 sample results from calcite.
Iron content is an effective parameter in the use of talc. Therefore, the percentage of iron, its origin (i.e. from crystal structure or from other iron-bearing minerals), and its valence forms are important. To determine these features, in addition to mineralogical, petrographical, and chemical analyses, Mössbauer analysis was performed. Using Mössbauer analysis, the origin of iron was investigated for the chlorite-bearing talc sample (E-3), which has high talc content. Figure 5 shows the Mössbauer spectrum of the talc at room temperature (approximately 300 K). It should be noted that the isomer shift (IS) is the shift of the centroid of the spectrum from zero velocity and is given Fe, it is usually metallic iron. The quadrupole splitting (QS) is the separation of the 2 lines of a 57 Fe doublet. Both IS and QS are customarily given in terms of the source velocity in mm/s (Murad 2006; Gill et al. 2011) . According to Rancourt's (1998) that the IS and QS values were centered around 1.26 mm/s and 2.72 mm/s, respectively. The IS and QS values of talc and chlorite are in good agreement with values reported earlier. Gonçalves et al. (1991) found that QS = 2.66 mm/s and 1.15 mm/s corresponded to Fe +2 present in talc and chlorite at room temperature. The high values of IS and QS are thus characteristic of iron in the crystal structure of talc and chlorite in our sample. Similar Fe 2 O 3 contents obtained from chemical and EDX analyses of pure talc sample (E-4) (Figures 4c-4f ) also confirm the occurrence of iron in the crystal structure of talc mineral.
Infrared spectroscopy has been used successfully in the characterization of inorganic compounds as well as organic compounds (Stuart et al. 1998) . Figure 6 shows the FT-IR spectra of the Emirdağ samples (E-1, E-2, E-3, and E-4) used in this study. According to the characteristic IR frequencies of talc reported by other researchers (Wilkins & Ito 1967; Ferrage et al. 2003; Nkoumbou et al. 2008b) , the absorption bands located at 3677, 3661, and 3643 cm -1 are the fundamental OH stretching vibrations arising from νMg 3 O-H, νMg 2 FeO-H, νMgFe 2 O-H, and νFe 3 O-H, respectively. It is clearly seen that the peak intensity decreases with decreasing talc content in the sample. Existence of the peaks stated above indicates the occurrence of iron in the crystal structure of talc. The observed strong band at around 1040 cm -1 is assigned to the out-of-plane symmetric stretching of ν 3 Si-O-Si groups of talc (Farmer 1974; Wang & Somasundaran 2005) . Another sharp absorption at 669 cm -1 is due to the stretching vibration of Si-O-Mg in talc structure. The intensity of 2 peaks belonging to talc show the decreasing of talc content and widening of peaks, similar to that given above. The 2 peaks in the spectra of the E-1 and E-3 samples appeared at 3588 and 3435 cm -1 because of the OH stretching vibration in the hydroxide layer of chlorite (Sontevska et al. 2007) . The 3 bands in the spectrum of the E-3 sample appearing at around 1424 cm -1 (strong), 875 cm -1 (shoulder), and 715 cm -1 (weak) are assigned to the (Wilson 1995; Shoval 2003; Xie et al. 2006) . In the IR spectrum of talc-and chlorite-bearing actinolite (E-1) and actinolite-rich talc (E-2), the strong peak at 750 cm -1 and small peaks in the range of 923-1106 cm -1 belong to actinolite mineral (Van Der Marel and Beutelspacher 1976) .
Differential thermal analysis (DTA) determines the temperature at which thermal reactions, such as phase transformation and thermal decomposition, take place in a material when it is heated continuously to an elevated temperature, and also the intensity and general characters (endothermic or exothermic) of such reactions (Speyer 1994) . In contrast, thermogravimetric (TG) analysis determines the weight gain or loss of a material (e.g., minerals, glasses, ceramics, polymers) due to absorption or gas release as a function of temperature. DTA and TG curves of the talc sample are shown in Figures 7a and 7b . The DTA and TG curves indicate different temperature ranges at which the mass losses accompanying 4 endothermic reactions occurred. On the DTA curve of the talc-and chlorite-bearing actinolite (E-1) and chlorite-bearing talc (E-3) samples, endothermic peaks were observed in the temperature ranges of 500-600 °C and 760-780 °C (Figure 7a) , and hence mass loss (Figure 7b ) resulted from the dehydroxylation reaction of chlorite (Nkoumbou 2006) . It was observed that these endothermic peaks disappeared with increasing talc contents in the samples. The endothermic peak of pure talc samples (with 95 wt.% talc content) at a temperature of 895 °C and mass loss indicate transformation of talc to enstatite (MgSiO 3 ) and silica minerals (SiO 2 ) (Nkoumbou 2006) . The endothermic peak observed for sample E-1 (containing about 70% actinolite) around 1220 °C resulted from deformation of the crystal structure of actinolite (Taboadela & Aleixandre Ferrandis 1957) . The highest mass loss occurred in sample E-3, which probably resulted from calcite content. Mass loss (~5 wt.%) occurred in sample E-3 between the temperatures of approximately 650 and 800 °C, and this resulted from CO 2 gas that was removed from the structure after the thermal decomposition of calcite. Consistent with this, on the DTA curve of the same sample, endothermic peaks from 760 to 895 °C confirm this situation. Similar results were obtained in thermal analyses performed using various solids containing pure calcite (Hristova & Jancev 2003; Hojamberdiev et al. 2008) . The total mass loss values of the samples (Figure 7b ) are corroborated by the loss on ignition yielded by the chemical analysis (Table 2 ).
Physicochemical properties
BET-specific surface areas of the powdered talc samples were recorded between 6.65 and 11.87 m 2 g -1 (Table 3) . Among the samples, the lowest specific surface area was measured for sample E-4 with high talc content. Comparing BET values of source and specific clays of US Geological Survey geological standards, the values obtained from the talc used in this study are close to the values obtained from these clay standards (Doğan et al. 2006) .
The pH values of talc suspensions are close to each other and in the range of standards (TS EN ISO 3262-10). The amount of dissolved material in water should be as much 0.2 wt.% for the talc that will be used in the paint (TS EN ISO 3262-10) and cosmetic (TS 2973) industries. In this study, the amount of dissolved material of the talc samples in water varies between 0.13 and 0.17 wt.%. Of these, sample E-3 containing calcite has the highest amount of dissolved material. On the other hand, the amount of iron dissolved in acid is as much as 0.66 wt.% from sample E-1, which also contains the highest iron ( Table 2 ). The lowest dissolved material in acid with 0.54 wt.% is sample E-4, containing 95 wt.% talc. Based on the dissolved material in acid, the Emirdağ talc samples exceed the maximum value (0.5 wt.%) given for the primary quality raw material (TS 10521) in the paper industry. However, they are lower than the maximum value (75 wt.%) given for the cosmetics industry (TS 2973).
The color properties were measured as L*, a*, b*, and WI parameters, which are calculated from the X, Y, Z tristimulus values (Billmeyer & Saltzman 1981) . These parameters are statistically related to the chemical and mineralogical composition of the sample. In the CIELAB system, L* is the degree of lightness and darkness of a color in relation to a scale extending from white (L = 100) to black (L = 0). Parameter a is a scale extending from green (-a) to red (+a), and b is a scale extending from blue (-b) to yellow (+b). Table 3 , WI) performed on the Emirdağ talc samples. The WIs of samples E-1, E-2, E-3, and E-4 were measured as 76.19, 81.96, 85.43, and 89.16, respectively. As is known, the whiteness of talcs directly affects their utility in cosmetics, paint, and paper industries (Soriano et al. 2002) . The whiteness of all of the talc samples is under the desired values when compared with standards (TS 2973; TS 10521; TS EN ISO 3262-10). The WI and L values proportionally increase with increasing talc contents and decrease with decreasing iron and titan elements causing color. The same results were reported by Soriano et al. (2002) , who studied relations between color and mineral/chemical compositions of the industrial talcs from different countries. Consequently, impurity ratio and iron content would seem to be influential variables in the color variations in the samples. Mineralogically and chemically pure talc is white, but greenish, bluish, brownish, or reddish varieties have also been described. Furthermore, the accessory minerals are frequently yellowish or greenish in the case of chlorites, and grayish and brownish in the case of carbonates (Deer et al. 1992; Soriano et al. 2002) . The color and brightness is related to the extent of reflection-diffusion of light on the mineral surface, which is dependent on grain size, grain shape, and roughness of particles, as well as the chemical composition of the mineral powders (Billmeyer & Saltzman 1981; Bundy & Ishley 1991; Bizi et al. 2003; Ciullo & Robinson 2003; Gamiz et al. 2005) .
Conclusions
Emirdağ (Afyonkarahisar, Turkey) talc deposit has been formed from alteration of gabbroic rocks of the Mesozoic Yunak ophiolite as lens-shaped pockets and sheet-like bodies in different extensions and directions. This deposit consists of talc, chlorite, actinolite, and a subordinate amount of calcite. Based on semiquantitative results, the Emirdağ samples were classified into 4 groups: i) talc-and chlorite-bearing actinolite (E-1), ii) actinolite-rich talc (E-2), iii) chlorite-bearing talc (E-3), and iv) pure talc (E-4). While the highest amount of talc was observed in the pure talc sample with 95 wt.%, talc mineral was determined as 10 wt.% in talc-and chlorite-bearing actinolite sample. SEM studies revealed that fine-grain, plate, and sheet-like microcrystalline talc crystals are associated with tabular, acicular actinolite, and curved and flake-like chlorite. In places, talc and chlorite are alteration products of actinolites. During alteration of actinolite to talc, Fe and On the other hand, it was observed that the strong peak intensities of the talc on the FT-IR spectra decrease with reduction of the talc content in the samples, and different endothermic/exothermic peaks and mass loss arose in the DTA and TG curves consistently with the mineralogical composition. According to the results of color analysis, the WI and L values increase proportionally with talc content but are inversely proportional to the iron and titanium element contents of the talc samples. Taking into account the physiochemical values, the talc from the Emirdağ region does not have the qualities in its current form, such as high purity, chemical content (particularly Fe 2 O 3 and CaO), and other physical properties, especially whiteness, that are required in industries like cosmetics, paint, or paper. However, there might be a possibility of using it as a secondary raw material in these industries. 
